The introduction of disulfide crosslinks is a generally useful method by which to identify regions of a protein that are close together in space. Here we describe the use of disulfide crosslinks to investigate the structure and flexibility of a family of designed 4-helix bundle proteins. The results of these analyses lend support to our working model of the proteins' structure and suggest that the proteins have limited main-chain flexibility.
4-helix bundle framework (Handel & DeGrado, 1990; Regan & Clarke, 1990) .
Despite these encouraging indications, the atomic structure and conformational flexibility of this family of peptides has not yet been fully explored. The peptides' amide H I D exchange characteristics, thermal denaturation, and the observation that the peptides have some affinity for the hydrophobic dye anilinonaphthalene sulfonic acid (ANS) (Handel et al., 1993a) suggest that they show properties that are intermediate between those of native proteins and those of the so-called "molten globule" state (Kuwajima, 1989) .
In the light of these observations, the important question of how deformable and flexible this 4-helix-bundle protein is remains unanswered. To address this question we have introduced disulfide crosslinks into the protein. We introduced Cys residues in locations that we expected would be sufficiently close to allow disulfide formation, based on our model of the protein's structure. In addition, we introduced Cys residues in more distant locations that should not come close enough to form disulfide crosslinks, unless the helices can be moved or distorted at minimal thermodynamic cost.
As covalent crosslinks, disulfide bonds can make considerable contributions to a protein's stability. It is thought that this effect is dominated by the decrease in conformational chain entropy of the denatured polypeptide chain that results from the formation of the covalently connected loop (Chan & Dill, 1988; Chau & Nelson, 1992; Huyghues-Despointes & Nelson, 1992; Xu & Nelson, 1994) . With this in mind, several groups have introduced specific disulfide crosslinks into proteins with the aim of creating proteins that are more stable toward thermal or chemical denaturation Sauer et al., 1986; Wells & Powers, 1986; Villafranca et al., 1987; Wetzel, 1987; Matsumura et al., 1989; Pjura et al., 1990) . In most of these examples oxidizing conditions induced the formation of the newly introduced disulfides. However, the disulfides did not always confer an increase in protein stability because 2 additional factors can counterbalance the stabilizing entropic effects. Firstly, the dihedral angles of the Cys residues involved in disulfide formation may not be in preferred conformations and may introduce strain into the disulfide bond with an associated energetic cost. Secondly, the introduction of the new disulfide bond may cause the loss of specific stabilizing interactions or it may disrupt the protein's structure either by unfavorable interactions with nearby residues or by causing more global deformations.
The sum of these energetic terms determines the net effect on protein stability of disulfide bond formation. Consequently, by determining the energetics of disulfide bond formation, we can obtain some indication whether or not formation of the bond is perturbing the protein's structure.
The disulfide bonds we introduced into a2 and cy4 form crosslinks between two of its loops that are expected to be in close proximity at one end of the protein (Ho & DeGrado, 1987; Regan & DeGrado, 1988) . This is illustrated schematically in Figure 1A . Figure 1B shows the original loop sequence (GPRRG) and the sequences of the loops into which Cys residues were introduced. The offset of the sequence is intended to illustrate how the separation of the Cys residues varies with their position in the loop. In subsequent discussions, peptides are named by the type of peptide CY* or q , and the sequence of the loop, for example a2GPRCG is the GPRCG loop in the a2 peptide.
The disulfide crosslinks were initially introduced into the a2 form of the protein and their effects determined by 2 methods. Firstly, the "effective concentration" (Cef-) of each sulfhydryl pair was determined by measuring the equilibrium for formation of the disulfide relative to that of the disulfide bond in glutathione disulfide (Lin & Kim, 1989) . The effective concentration provides a quantitative measure of how readily each disulfide forms in the folded protein. Pronounced differences in how easily the different disulfides formed were observed. The favorably designed disulfides formed much more readily than the unfavorably positioned "control" disulfides. Secondly, the effect of disulfide crosslinks on the stability of the protein toward denaturation by guanidine hydrochloride (GuHCI) was determined (Schellman, 1978; Pace & Vanderberg, 1979) . The proteins performed largely as expected, based on the results of the effective concentration experiments. The most favorable disulfides sta-
bilized the protein toward denaturation and the most unfavorable disulfide destabilized the protein.
When the most and least destabilizing disulfides were introduced into the single-chain form of the protein, ad, they displayed the same properties as when they were present in the a2 peptides. The most favorable disulfide formed readily and substantially stabilized the protein toward denaturation by GuHC1. The least favorable disulfide could not be induced to form, even in the most extremely oxidizing conditions. The implications of these results for our understanding of the structure and flexibility of this protein are discussed.
Results

Gel filtration chromatography
As the first step of characterization, gel-filtration chromatography was used to determine the molecular weights of the peptides in the acetamidomethyl (Acm)-blocked and disulfidebonded forms. The measurements were performed with the Acm-blocked peptides to be certain that no disulfide-bonded material was present for peptides that are easily oxidized. All peptides, regardless of the presence of a disulfide bond, eluted at the same position with an apparent molecular weight that corresponded to a dimer of dimers for the a2 derivatives and a monomer for the a4 derivatives. From these results we concluded that neither the various new loop sequences nor the introduction of disulfide crosslinks between these loops perturbed the aggregation state of the peptides.
Effective concentrations in the a2 loop peptides
Redox potentials of the different disulfide bonds were determined as described in the materials and methods section. A typical set of HPLC chromatograms for such an experiment is shown in Figure 2 . Table 1 lists each peptide sequence and the corresponding C,,,, calculated as described in the Materials and methods section. The larger the value of Ceff, the more favorable it is for the disulfide to form. We chose to discuss the peptides in 2 separate classes. Class I peptides-GPCRG, GCRRG, and GCPRG-have relatively high values of CCf-, in the range 25-200 mM, and class 11 peptides -GPRCG and GPRRC -have low values of Ce,--, 6 mM and less than 0.1 mM, respectively. Class 1 corresponds to the peptides that modeling suggested could form the disulfide crosslinks by movement of the loops, without additional perturbations of the protein's structure. By contrast, class I1 loop sequences represent the 2 "control" peptides that based on modeling should not be able to form without causing perturbations of the protein's structure. At high concentrations of oxidized glutathione, the disulfide bond in a2GPRCG forms. However, it does not form readily, and the effective concentration that we measure is an order of magnitude lower than that of the class I peptides. The GPRRC loop, in which disulfide bond formation would cause the most dramatic perturbation to the protein structure, is apparently so unfavorable that within the limits of detection of the experiment, it does not form. We estimate that the lowest effective concentration that could be detected is approximately 0.1 mM. Under oxidizing conditions, the GPRRC peptide accumulates as the mixed disulfide with glutathione as assessed by fast atom bombardmentlmass spectroscopy (FAB/MS) of the product. This indicates that the thiols are accessible and strengthens our argument that the failure to form a disulfide crosslink is due to constraints preventing the Cys sulfur atoms from approaching each other in the correct orientation.
Behavior of a,GPCRG and a4GPRRC
We were interested in comparing the properties of the a2 helixloop-helix peptides with that of the single-chain, full-length a4 protein (Regan & DeGrado, 1988) . To this end we introduced Cys residues into 2 loops of a4, positioned to correspond to the disulfides with the highest and lowest measured effective concentrations in the a2 peptides. The sequences of these singlechain peptides are:
We studied the redox properties of these proteins, using the same procedures described for the a2 peptides. The measured effective concentration of the disulfide in a4GPCRG is 246 mM. This value is essentially identical to that measured when the loop was present in the cy2 peptide. Effective concentration measurements provide a sensitive means by which to detect local changes in protein structure. Therefore, it appears that addition of the third loop does not cause significant structural perturbations at the distal end of the helices. a,GPRRC behaved in a similar manner to a2GPRRC. It was impossible to force the disulfide bond to form by oxidation with even the highest concentration of glutathione, and the peptide accumulates as the mixed disulfide with glutathione. Presumably, it was again too energetically unfavorable to distort the protein structure sufficiently to allow disulfide bond formation.
The effective concentration of 246 mM observed for a4GPCRG is intermediate between what one would expect for this protein in a random configuration ( M as calculated by the method of Mutter [1977] ), and the value typically observed for pairs of cysteine residues in native folded proteins (5.0-20 M, although in certain examples the effective concentration has been measured to be as high as lo5 M [Creighton & Goldenberg, 19841) . We can reasonably conclude that the folding of cy4 brings the cysteine-containing loops into close proximity, as would be expected if the protein adopts a 4-helix bundle conformation. The loops themselves show flexibility, as expected (Redfield et al., 1993) , so the values of the effective concentrations we measure are far less than, for example, those of the precisely positioned disulfides in bovine pancreatic trypsin inhibitor (Creighton, 1977 (Creighton, , 1979 .
There are, however, clear limits to the overall flexibility of the protein. This is seen with the GPRRC loop in which the effective concentration of the thiols is immeasurably low in our standard assay. Thus, the steric constraints imposed by the folding of the protein in this case make disulfide formation even less favorable than would be expected for a random coil, suggesting that the protein cannot easily be deformed.
Molecular dynamics simulations
Having established experimentally the relative ease of formation of the disulfides in the different positions, it was of interest to
relate this to our model of the protein structure in a more quantitative fashion. The effective concentration measured in the disulfide exchange experiments reflect, in part, the fraction of the time that the 2 Cys residues assume conformations in which they are in van der Waals contact (3.4-4 A). Our preliminary modeling studies suggested that this fraction would be extremely low for the GPRCG loop, but much greater for the GCRRG and GPCRG loops. To more quantitatively test this idea, we performed high-temperature molecular dynamics as a rapid method to sample the conformational space of the loops. Our model of the protein structure had been computer generated from first principles, rather than based on X-ray crystallographic or NMR data. Previous work, in which the model was used as an aid in designing Zn2+-binding sites (Handel & DeGrado, 1990; Regan & Clarke, 1990) , had given us confidence in the model's helical packing, but we felt it important to explore the possible orientations of cystine residues in a broad sampling of loop conformations. There are 2 ways in which such a sample is commonly generated: Monte Carlo calculations and high-temperature molecular dynamics simulation. Accordingly, molecular dynamics was carried out for the 3 loop sequences-GCRRG, GPCRG,
The helices were constrained in order to maintain the mutual orientation of the helices and to prevent unfolding at this high temperature. The sulfur-sulfur distances were logged every 0.05 ps. After each 100 ps of simulation, a histogram of the data was plotted. Although the histograms at 100,200, 300, and 400 ps all differed from each other, those at 500 ps were very similar to the ones made after 400 ps, so the runs were terminated at 500 ps. It should be noted that because the sulfur atoms are treated in the sulfhydryl form, the sulfur atoms do not approach closer than about 3.5 A of each other.
It is evident (Fig. 3 ) that the distribution of sulfur-sulfur distances is shifted to larger values for the GPRCG loop compared to the GCRRG and GPCRG loops. Figure 3 shows the cumulative distribution F( r ) , indicating the probability of finding the 2 sulfur atoms within a distance r A of each other. Again, this illustrates that conformational restrictions result in the sulfur atoms of the GPRCG loop occupying positions that are further separated than those of the sulfur atoms in the other 2 loops. These results suggest that the probability of disulfide formation Stabilities of the a2 peptides determined by GuHCI-induced denaturation GuHC1-induced denaturation was used as complementary means by which to compare the effects of disulfide bond formation on protein stability (Pace & Vanderburg, 1979) . Figure 4 shows typical examples of GuHC1-induced denaturation curves for a2GPCRG, either in the Acm-protected form (to prevent disulfide formation) or with the disulfide bond present. Because the stability of the Acm-protected peptide is comparable to that of a2GPRRG or a,GSRRG (data not shown), we infer that the Acm group does not affect protein stability. A quantitative comparison of the stabilizing effects of the different disulfide crosslinks in the a2 peptides is somewhat complex. The denaturation transition for the peptides in the absence of the disulfide bond involves dissociation of the 2 helixloop-helix monomers. It is not a unimolecular transition. Hence, to compare the free energy of folding of each peptide with and without the disulfide present is not particularly meaningful. We therefore chose to calculate the free energies of folding of the disulfide-bonded forms of all the peptides relative to the disulfide-bonded form of the least stable peptide. By doing this we are comparing a denaturation transition of the same molecularity. Table 2 shows the denaturation data for these proteins. Column 1 gives the identity of the loop sequence and column 2 the concentration of GuHCl at the midpoint of the denaturation transition. The denaturation data were analyzed according to Equation 2 in the Materials and methods section. Column 3 of Table 2 gives the slope of the line, m , in the linear extrapolation and column 5 gives the value of AAG relative to the GPRRC loop, obtained from the extrapolation to zero concentration of denaturant. There are several points to note. Firstly, the a2 peptides are extremely stable proteins. Consequently, the widely used method of performing a linear extrapolation to zero concentration of denaturant will involve substantial errors due to the long extrapolation required. Secondly, the data in column 3 of Table 2 indicate that when the extrapolations are performed, the different proteins have quite different m values.
Differences in m values have been reported for several point mutations in staphylococcal nuclease (Shortle & Meeker, 1986 , 1989 . Also, in both dihydrofolate reductase and RNase T , , marked differences in m values have been observed when the denaturation transitions of proteins with and without a disulfide bond present are compared (Villafranca et al., 1987; Pace et al., 1988; Betz, 1993) . It has been suggested that the altered slopes reflect variations in the levels of residual structure in the "denatured state" such that there are variations in the amount of denaturant bound (Shortle & Meeker, 1986 , 1989 . One can easily imagine that the presence of a disulfide bond alters the residual structure in the denatured state (Betz, 1993) , but it is not clear why rn values for peptides with single disulfides in different positions are different. It is formally possible that the observed changes in m values reflect complex, non-2-state unfolding transitions, rather than changes in the denatured state of the peptides. Regardless of the cause, the changes in m value complicate attempts to quantitatively compare free energies of folding that are calculated in this fashion.
In spite of the long extrapolation, it is clear that the most easily oxidized a2(GPCRG) indeed forms the most stable structure, whereas the one that is most difficult to oxidize a2(GPRRC) forms the least stable structure. Figure  5 shows denaturation curves for the disulfide-bonded forms of a2GPRRC and azGPCRG to illustrate the differences in their stabilities. Apart from the difficulties in making the most appropriate estimate of the free energies of folding in the solvent denaturation experiments, one would not necessarily expect a perfect correlation between AAG and effective concentration, as they reflect very different processes. The free energy of folding reflects the differences in the stability of an oxidized peptide in its native versus unfolded states. By contrast, the effective concentration measurements reflect the stability of the folded state of the peptides in the oxidized versus reduced states.
For disulfide formation in a single-chain protein, one can estimate the maximum expected stabilization based on loop closure entropies. With the a2 derivatives it is not possible to make a meaningful estimate of the expected stabilization of the disulfide crosslinks because the molecularity of the denaturation is different for the peptides with and without the disulfide present. Also the denatured state of the disulfide-bonded form will be more like an "X" rather than a loop, which is somewhat more complex to model by polymer theory.
Stabilities of a4 proteins determined by GuHCI-induced denaturation
On the basis of our results with the a2 peptides, we synthesized the form with the most (GPCRG) and least (GPRRC) stabilizing disulfides. Formation of the disulfide between the a4GPRRC loops was so unfavorable that we were never able to induce formation of this disulfide, and therefore we were not able to isolate the disulfide-bonded form to study the effect of the disulfide on protein stability. By contrast, the a4GPCRG disulfide formed readily and we were able to compare the stability of a4GPCRG both with and without the disulfide bond present. Guanidine denaturation curves for the oxidized and reduced forms of a4GPCRG are shown in Figure 6 . As anticipated from our previous results, disulfide bond formation stabilizes the protein toward denaturation by GuHC1.
Again, a quantitative analysis of the data is complicated by the differences in m values between the oxidized and reduced forms of the protein and the extremely long extrapolations to zero GuHCl concentrations. The values of AGHZO for the denaturation transition of the oxidized versus reduced form of the protein was calculated to be 14.5 k 1.1 kcal/mol and 15.9 + 1.0 kcal/mol, respectively. The value for the reduced protein is close to the value of -15.4 kcal/mol determined for chemically synthesized a4 (Handel et al., 199313) . Thus, the Arg to Cys mutation occurs with minimal perturbation to the structure, as would be expected given their position on the solvent-accessible surface of the protein. The extrapolated free energies for the oxidized versus the reduced forms of the protein imply that the disulfide bonded form of the protein is less stable than the reduced form by 1-2 kcal/mol. This is a consequence of the lower slope of the disulfide bonded form of the protein. As previously discussed, the change in slope can be explained by the disulfide bond imparting some residual structure and clustering of hydrophobics in the unfolded form of the protein. In the denatured state the reduced form experiences more unfavorable inter- actions between the apolar Leu side chains and water. Thus the free energy difference between the folded and unfolded states of the protein appears smaller for the oxidized versus the reduced form of the protein. By contrast, at higher concentrations of GuHCl the disulfide crosslinked form of the protein is more stable than the reduced form. This is presumably because high concentrations of GuHCl decrease the amount of structure in the unfolded state, so that the residual structure of the oxidized form approaches that of the reduced form. Under these conditions, the difference in the free energy of folding for the oxidized versus reduced forms can be understood in terms of the entropy of loop closure, if it is assumed that the solvent exposures of the unfolded states are similar for the 2 forms of the protein. This explanation is supported by the fact that if we extrapolate to 8 M GuHCI, the disulfide-bonded form of a4GCRRG is more stable than the reduced form by 3.2 kcal/mol. Using polymer theory (Chan & Dill, 1988) , we would estimate the stabilizing effect of a crosslink that creates a 39-residue loop to be approximately 3.9 kcal/mol, which given the various assumptions involved, is in reasonable agreement with the experimentally determined value.
Conclusions
Disulfide bond formation has provided information about the structure and flexibility of a designed protein whose highresolution structure has not yet been determined. Based on a model for the structure, we designed specific disulfide crosslinks that should be able to form if small movements of the loops are permitted. Three new loops with Cys residues that were expected to form disulfide crosslinks were indeed relatively easy to oxidize with little or no perturbation to the structure of a2 or a 4 . The proteins are stabilized toward GuHCl denaturation when the disulfide bonds form and the Cefl values we measure for the Cys residues are consistent with this result. By contrast, the disulfides introduced as "controls" did not form readily in the folded proteins. Most notably, the disulfide-bonded dimer of a2(GPRRC), which was designed as a negative control, was 7 kcal/mol less stable than the corresponding designed dimer, CY,(GPCRRG).
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From these results we conclude that the protein folds into a structure that brings 2 loops into fairly close proximity at one end of the protein. The loops are quite flexible, but the helices of the bundle are restricted in their positions and are not freely moveable. They can only be distorted at high energetic cost. This behavior contrasts markedly with that of the molten globule form of a-lactalbumin in which all possible combinations of disulfide crosslink can freely form (Ewbank & Creighton, 1991) .
Materials and methods
Modeling the disulfide crosslinks
Computer modeling began with a complete search for positions in the protein where disulfide bonds with favorable side-chain dihedrals might be introduced with no movements of the protein backbone . None were found. We subsequently focused our attention on designs for disulfide crosslinks that required backbone movement only in the flexible loops. The coordinates of the helices (beginning with Glu 2 and ending with Lys 15 in the numbering of a l B [Ho & DeGrado, 19871) were kept fixed, but different loop conformations were allowed, with the constraint of having a disulfide crosslink between specified residues. The molecular graphics programs, Insight, Discover and Frodo, were used in the modeling (Jones, 1978; Hagler et al., 1979) .
Using this approach 3 new loop sequences were designed. With small movements of the loop backbone, interloop disulfide bonds with favorable dihedral angles and no apparent perturbations to protein structure, could be formed. Our search for such crosslinking positions was not exhaustive, particularly as the homodimeric form of the protein requires bond formation between the same residue in each of the 2 loops. However, we considered 3 sequences to be sufficient for our purpose: GCRRG, GCPRG, and GPCRG.
Although permitting loop movements allowed us to design apparently favorable disulfide crosslinks, it was nevertheless clear that even if the loops were flexible, there were certain positions in the loops between which disulfides would be difficult to form. This distinction assumes that there is a strong energetic preference to maintain the helices in their original positions. If there is not, then we would expect to observe little difference in the ability to form crosslinks at all loop positions. Based on this criterion, we chose 2 loop sequences as "controls," examples of energetically unfavorable disulfide crosslinking positions: GPRCG and GPRRC.
Molecular dynamics simulations
Molecular dynamics simulations of dimers of a2GCRRG, a2GPCRG, and a2GPRCG were performed. The x t o Cys mutations were made in the working model of the a2 dimer and a molecular dynamics run was performed for each of the 3 mutant proteins. The calculations were performed using AMBER (Weiner & Kollman, 1981) and the simulations were run for 500 ps at a temperature of 1 , OOO K. Most of the helical residues were held fixed with only Leu 14 and Lys 15 of helix 1, Glu 2 and Leu 3 of helix 2, and the 5 loop residues allowed to move. The high temperature was chosen to allow a broad sampling of conformational space. In trial calculations where a temperature of 300" was used, the loops remained close to their conformaDisulfide crosslinks to probe designed four-helix bundle protein 2425 tions at t = 0. The sulfur-sulfur distance of the Cys residues was logged every 0.05 ps.
Peptide synthesis and purification
Peptides a2GPRRG, a2GCRRG, a2GCPRG, and a2GPCRG were synthesized with their C-termini as free carboxylates on Wang resin with Fmoc-protected amino acids using rapid multiple peptide synthesis (RaMPS; du Pont-NEN). Peptides a2GPRCG, a2GPRRC, a,GPCRG, and a4GPRRC were synthesized on a Milligen 9050 automated peptide synthesizer with their C-termini blocked as acarboxamide on PAL (Milligen) resin. The Cys residues were blocked with Acm protecting groups (Veber et al., 1972) . All peptides were acetylated at the N-terminus by treatment with acetic anhydride and diisopropylethylamine before cleavage from the resin. Crude peptides were cleaved from the resin and partially deprotected using trifluoroacetic acid (TFA) with thioanisole.
The Acm protecting group was removed from purified peptides by either of the following methods.
(1) The peptides were treated with 100 mM mercuric acetate in 50% acetic acid for 15 min at room temperature. Dithiothreitol (DTT; 100 mM) in 1 M Tris-HC1, pH 8, was then added and any precipitate removed by centrifugation. The fully deprotected peptide was finally purified by HPLC. (2) The peptides were treated with a 10-fold molar excess of 2-nitrophenylsulphenyl chloride (NPS) in 50% acetic acid. Excess reagents were removed by chromatography on a gel filtration PD-10 column (Pharmacia), with 50% acetic acid as the column buffer. The peptide peak was collected and evaporated to dryness using a Speed-Vac concentrator (Savant). The dry peptide was resuspended in 20 mM DTT, 100 mM Tris, pH 8, and incubated for a few minutes to generate the free sulfhydryl form. Excess DTT was removed by rechromatographing the mixture on a PD-10 column (Pharmacia). The two deprotection methods were used interchangeably, with excellent results.
The peptides, in either their partially protected forms, their fully deprotected forms, or the disulfide-bonded forms, were purified by gradient elution from reverse-phase HPLC on Vydac C-18 columns. The column buffers were 0.1% TFA in distilled water and 0.1'70 TFA in acetonitrile.
Formation of disulfide bonds in the peptides
Disulfide bonds that formed readily were prepared by air oxidation of the reduced peptides. Alternatively, for a faster and more controlled oxidation, the peptides were incubated with 10 mM oxidized glutathione in 100 mM Tris, pH 8. These methods were used for a2GCRRG, a2GCPRG, a2GPCRG, a2GPRCG, and a,GPCRG.
Disulfide bonds that did not form readily were forced to form using the following 2-step procedure of Sauer et al . (1986) shown in Figure 7 .
Fully reduced peptide was treated with a 10-fold molar excess of di-thiobis-nitro-benzoic acid (DTNB, Ellman's reagent) in 10 mM Tris-HC1, pH 8. Formation of the activated, mixed sulfhydryl form of the peptide was monitored by HPLC. Excess DTNB was subsequently removed by gel filtration on a PD-10 column (Pharmacia), with 500 mM ammonium acetate as column buffer. The protein peak fractions were concentrated by evaporation in a Speed-Vac (Savant). The modified peptide was placed in a cuvette in a spectrophotometer and a concentrated stock of reduced peptide was added in small aliquots, until the color change at 412 nm (due to the release of the nitro-5-thiobenzoate dianion) reached a plateau. The final disulfidebonded form of the peptide was purified by reverse phase HPLC. This method was used for a2GPRRC.
Amino acid analysis
Amino acid analysis was performed using an automated Beckman 119CI ion exchange system with ninhydrin detection. All determinations were performed in duplicate and the average of the 2 values was used. The duplicate values were generally within 5-10% of each other, otherwise the determination was repeated.
Fast atom bombardment/mass spectrometry
FAB/MS spectra were collected using a VG ZAB-E mass spectrometer fitted with an Ion Tech gun using xenon as the ionizing gas.
Gel filtration chromatography
The apparent molecular weights of the peptides were determined by chromatography on a (3-50 fine column (Pharmacia) that was calibrated with appropriate molecular weight standards.
Effective concentration measurements
Effective concentration, Ceff, is a convenient term that represents a ratio of equilibrium constants. In this case we consider the ratio of the equilibrium constant for disulfide-bond formation in the designed peptides relative to that for disulfide-bond formation in a reference thiol, glutathione (Lin & Kim, 1989) .
All experiments were performed in the absence of oxygen in a vial sealed with a rubber septum, under a blanket of argon. Solutions were prepared by cycles of degassing and argon saturation prior to beginning the experiments. Peptides were incubated with different ratios of oxidized and reduced glutathione Fig. 7 . Two-step procedure (Sauer et al., 1986) used to force formation of disulfide bonds that did not form readily.
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+ -Q C~S 1 mM EDTA, pH 8.7. The peptide concentrations were approximately 50 pM and the total concentration of glutathione was 50 times greater than this. The solutions were allowed to equilibrate for 2 h. We initially performed measurements at different times after mixing, and determined that 2 h was sufficient for complete equilibration of the samples. After equilibration, the samples were quenched by injecting 25 pL of 1 M HCI into the vial; 190 p L of each sample was then chromatographed by analytical reverse-phase HPLC. A Vydac C-18 analytical column with 0.1 Yo TFA in distilled water and 0.1070 TFA in acetonitrile as the elution solvents was used. A typical separation used a 1-mL/min flow rate with a gradient of 30-70070 acetonitrile in 40 min. The different peaks, which represented peptide with free sulfhydryl, disulfide-bonded peptide, and the mixed disulfide of peptide with glutathione, were identified by using FAB/MS to determine the molecular mass of the species associated with each peak.
The concentration of each species was determined using the software supplied with the HPLC to integrate and determine the area under the peak (Hewlett-Packard 1090M). For the oxidized and reduced forms of each peptide, a calibration curve was constructed to allow peak areas to be converted into moles of peptide. The calibration curve was obtained by injecting different known amounts of a peptide and measuring the corresponding peak areas. The concentration of peptide that was injected was determined by amino acid analysis. This calibration was important because the oxidized and reduced forms of the peptides have slightly different extinction coefficients at 214 nm. Also, the recovery of the oxidized peptide from the column tends to be somewhat lower than that for the reduced peptide.
The concentration of oxidized glutathione in each stock solution was determined by measuring the absorption at 282 nm and using an extinction coefficient of 273 M-l cm" . The concentration of reduced glutathione in each stock solution was determined by titration with Ellman's reagent (DTNB), measuring the absorption at 412 nm, and using an extinction coefficient of 1.36 X lo4 M " cm".
For each peptide, measurements were made at 5 different ratios of oxidized and reduced glutathione and the results were averaged. The conditions were chosen to generate oxidizedxeduced ratios bracketing 50:50. This allowed accurate integrations to be performed on both the oxidized and reduced peaks. From these measurements the "effective concentration" of each sulfhydryl pair was calculated using the equation:
where C , , , is the effective concentration; kpeptide and kglurathione are the equilibrium constants for formation of the disulfide bonds in the peptide and in glutathione, respectively; and [Pss], [GssG] , [PSHSH] , and [GSH] are the concentrations of the oxidized and reduced forms of the peptide and glutathione.
It should be noted that although the 4-helix bundle consists of 2 helix-loop-helix monomers, the breakage and formation of the peptide's disulfide bond is treated as a unimolecular reaction. We considered this to be valid because the redox experiments are performed at a concentration that is several orders of magnitude higher than the dissociation constant for the monomer-dimer equilibrium. Hence, the breakage and formation of the disulfide bond does not involve dissociation of the 4 helix bundle into 2 helix-loop-helix monomers.
Circular dichroism and GuHCI-induced denaturation Circular dichroism measurements were made either on JovinYvon Instruments S.A. spectropolarimeter interfaced with an Apple I1 CS computer, a Jasco J500C interfaced with an IBM AT computer, or an Aviv 62DS spectropolarimeter interfaced with an IBM PC. The spectropolarimeters were calibrated using a solution of (+)-IO-camphorsulfonic acid. For denaturation studies all measurements were made at 222 nm in a l-cmpathlength cell. Approximately 10 pL of a concentrated peptide stock was added to 1 mL of 10 mM MOPS (3-N-(morpho1ino)ethane sulfonate), pH 7, 100 mM NaCl containing an appropriate concentration of GuHCl (Pierce). The sample was allowed to equilibrate for approximately 5 min before a reading was taken. The measurements were performed at equal peptide concentrations.
The data from the GuHC1-induced denaturation curves were analyzed using a 2-state folding/unfolding scheme according to the general approach of Santoro and Bolen (1988) . This approach uses nonlinear least-squares methods to fit the pretransition baseline, the posttransition baseline, and assumes that the free energy of folding is a linear function of the guanidine concentration according to the equation:
where AGobs is the observed free energy of folding at a particular concentration of denaturant, AGHZO is the free energy of folding in the absence of denaturant, [GuHCl] is the concentration of denaturant, and m represents the change in AGobs with respect to [GuHCl] . In general, the pretransition baselines were nearly flat, but showed a slight downward sloping ellipticity (with increasing [GuHCl] ) that could be approximated as a linear function of [GuHCI] . On the other hand, due to the extreme stability of the proteins, it was not possible to collect sufficient data at high [GuHCI] to approximate the posttransition baseline. The data were therefore fit to Equation 3:
where Oobs is the ellipticity at 222 nm at a given concentration of GuHCI, ON is the ellipticity at 222 nm of the folded state in the absence of GuHCI, Ou is the ellipticity of the unfolded state, a is a constant, and f is the fraction of protein in the folded state:
Equation 4 was substituted into Equation 3 and the values of ON, OF, a, m, and AG,,, were determined by nonlinear leastsquares analysis using MLAB (Civilized Software, Bethesda Maryland). The extrapolated values of Ou extrapolated to approximately zero ellipticity, suggesting that the helices were completely melted in the unfolded state. This complete loss of secondary structure is to be expected for an unfolded protein in the presence of 6-8 M [GuHCI] .
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The errors reported in Table 2 are the values of the standard deviation determined by the program. Alternatively, a sensitivity analysis in which the value of a was varied by a factor of 2 or set to zero, or in which the value of 8" was varied within reasonable limits (-t4,000 deg cm*/dmol) showed that the calculated values of AGHzo were certain to be approximately 0.5-I .5 kcal/mol.
